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Summary. — Several binary systems have been detected at High Energy (HE, 
E >100 MeV) and/or Very High Energy (VHE, E > 100 GeV) gamma rays. Some of 
them are X-ray binaries in which accretion feeds relativistic radio jets and powers the 
non-thermal emission (i.e., microquasars), whereas in others the power comes from 
the wind of a young pulsar instead of accretion. Although the power mechanism in 
these systems is different (accretion vs pulsar wind), all of them are radio. X-ray and 
gamma-ray emitters, and have a high-mass bright companion (O or B) star that is a 
source of seed photons for IC scattering and target nuclei for hadronic interactions. I 
review here some of the main observational results on the non-thermal emission from 
X-ray binaries as well as some of the proposed scenarios to explain the production 
of gamma rays. 

PACS 97 . 60 . Gb , 97 . 60 . Lf , 97 . 80 . Jp - Pulsars, Black holes. X-ray binaries. 



1. — Introduction 

The type of binaries detected so far at VHE gamma-rays are high-mass X-ray binaries 
(HMXB) consisting of a donor star, an O or B star of mass in the range 8-40 Mq, 
and a compact companion neutron star (NS) or black hole (BH). Until now, no low- 
mass X-ray binary (LMXB) has been detected at HE/ VHE, suggesting that the bright 
primary star in HMXB plays an important role in the production of high-energy photons 
(the transient nature of LMXBs further complicates their possible detection at HE/ VHE 
gamma rays). Some properties of these systems and an individual description of them 
have also been discussed in [1] . Binary systems of massive stars have also been proposed 
as sources of gamma rays [2], and there are hints at present that one of such systems. 
Eta Carinae, radiates in the GeV band [3]. At present, there are four X-ray binaries that 
have been detected at TeV energies. Three of them, PSR B1259-63 [4], LS I +61 303 [5] 
and LS 5039 [6] have been detected in several parts of their orbits and show a variable 
TcV emission. The other source, Cygnus X-1, showed evidence of TeV emission once 
during a flare [7]. All these sources, as well as Cygnus X-3, have been detected above 
100 MeV by AGILE [8, 9, 10] and/or Fermi [11, 12, 13] sateflites. 
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Whereas the optical companion in all these sources is well known, the nature of the 
compact companion is unknown in three of them. While in the case of PSR B1259— 63 
it is clear that the compact object is a rapidly spinning non-accreting neutron star and 
the TeV emission is powered by rotational energy [14, 15], and in the case of Cygnus 
X-1 there is an accreting stellar-mass black hole, in LS 5039 and LS I -1-61 303 the 
uncertainties in the determination of the inclination of the systems [16, 17] prevents to 
fix the mass of the compact object and, therefore, to know whether it is a BH or a NS. In 
the case of Cygnus X-3, the strong absorption precludes the determination of the mass 
of the compact object. However, the accretion powered relativistic radio emitting jets 
observed in Cygnus X-3 allows to classify it as a microquasar together with Cygnus X-1. 

Some properties of these systems are summarized in Table 1, and these sources are 
individually described below. 

2. Microquasars 

Cygnus X-1 is the first binary system for which dynamic evidence for a BH was found 
[20] . It is also the brightest persistent HMXB in the Galaxy, radiating a maximum X-ray 
luminosity of a few times 10"^^ erg s~^ in the 1-10 keV range. At radio wavelengths 
the source displays a ^15 mJy flux density and a fiat spectrum, as expected for a rel- 
ativistic compact jet (one-sided, with velocity v > 0.6c) during the low/hard state [21]. 
Arc- minute extended radio emission around Cygnus X-1 was also found using the VLA 
[22]. Its appearance was that of an elliptical ring-like shell with Cygnus X-1 offset from 
the center. Later, such structure was recognised as a jet-blown ring around Cygnus X- 
1 [23]. This ring could be the result of a strong shock that develops at the location 
where the pressure exerted by the dark jet, detected only at milliarcsec scales, is bal- 
anced by the shocked ISM. The observed radiation would be produced through thermal 
Bremsstrahlung by ionized gas behind the bow shock. 

MAGIC observed Cygnus X-1, and evidence (4.1cr post-trial significance) of TeV 
emission was found during a short-lived flaring episode [7]. This emission came from 
Cygnus X-1 and was unrelated to the ring-like structure. These TeV measurements 
were coincident with an intense state of hard X-ray emission observed by INTEGRAL, 
although no obvious correlation between the X-ray and the TeV emission was found [24] . 
The detection occurred slightly before the superior conjunction of the compact object, 
phase at which the highest VHE 7-ray opacities are expected. After computing the 
absorbed luminosity that is caused by pair creation for different emitter positions, it has 
been suggested that the TeV emitter is located at the border of the binary system not 
to violate the X-ray observational constraints [25, 26]. A recent study of the opacity and 
acceleration models for the TeV flare shows, under the assumption of negligible magnetic 
field, that an electromagnetic cascading model can explain qualitatively the observed TeV 
spectrum, but not its exact shape [27]. Recently, ^ G/Li? detected significant transient 
gamma-ray emission above 100 MeV from Cyg X-1 during a hard X-ray state [8]. 

Cygnus X-3 is a HMXB formed by a Wolf-Rayet star and a compact object that 
is thought to be a neutron star for orbit inclination angles above 60° or a black hole 
otherwise [28]. Cyg X-3 shows fiaring radio levels of up to 20 Jy, and was first detected 
and closely observed at this level in 1972, resulting in one of the best-known examples of 
expanding synchrotron emitting sources. These outbursts can be modeled successfully 
as coming from particle injection in twin jets [29], which have been subsequently imaged 
trough interferometric techniques [30, 31]. 

Long-term multiwavelength monitoring of Cyg X-3 has revealed that strong radio 
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flares occur only when the source shows high soft X-ray flux and a hard power-law tail. 
If the electrons responsible for the strong radio outbursts and the hard X-ray tails are 
accelerated to high enough energies, detectable emission in the 7-ray energy band is 
possible. 

The AGILE [9] and Fermi [11] satellites detected transient gamma-ray emission above 
100 MeV associated with Cygnus X-3. In particular, Fermi detected its orbital period in 
gamma rays being the first time that a microquasar is unambiguously detected emitting 
high energy gamma-rays. These results show that Cygnus X-3 is a new HE gamma-ray 
source. At TeV energies, Cygnus X-3 has not been detected yet by the new generation 
of Cherenkov telescopes [32] . 

3. Binary systems with pulsars 

PSR B1259— 63/LS 2883 is a binary system containing a B2Vc main sequence donor, 
known as LS 2883, and a 47.7 ms radio pulsar orbiting its companion every 3.4 years 
in a very eccentric orbit, with e = 0.87 [33]. The radiation mechanisms and interaction 
geometry in this pulsar/Be star were studied in [34]. These authors concluded that the 
star-pulsar wind interaction was the most feasible radiation powering mechanism. This 
was the first variable galactic source of VHE gamma-rays discovered [4] . The TeV light 
curve shows significant variability and the observed time-averaged energy spectrum can 
be fitted with a power law with a photon index Fvhe = 2.7 ± 0.2stat i 0.2sys. Different 
models have been recently proposed to explain these observations. In a hadronic scenario, 
the emission and light curve at TeV, as well as in the radio/X-ray band, could be produced 
by collisions of high energy protons accelerated by the pulsar wind and protons of the the 
circumstellar disk (pp), plus the emission from the pp secondary particles [35]. A leptonic 
scenario is presented in [36] , in which it is shown that the X-ray and the TeV light curves 
can be explained by a synchrotron/IC scenario of non-thermal emission. AGILE has 
detected transient gamma-ray emission above 100 MeV from a source near the Galactic 
plane and positionally consistent with the binary pulsar PSR B1259— 63 [10]. 

Very recently, high-resolution VLBI radio observations at three different orbital phases 
of PSR B1259— 63 provided images (see Fig. 1) showing an extended and variable struc- 
ture [37]. Run A, B and C correspond to 1, 21 and 315 days after periastron passage 
respectively. The emission of run C is of a few mJy and is compatible with the flux 
density of the pulsar, giving the position of the pulsar. In run A and B we can see 
that there is an offset between the pulsar position and the peak emission of each im- 
age. These results proof that non-accreting pulsars orbiting massive stars can produce 
variable extended radio emission at AU scales. 

4. Dubious cases 

The X-ray binaries LS I -^61 303 and LS 5039 have been detected at HE and VHE. 
LS 5039 was detected by H.E.S.S.[6] and LS I +61 303 by MAGIC [5], being both systems 
periodic at TeV energies. Fermi has also detected emission modulated with the orbital 
period in both systems [12, 13]. The lack of strong evidence supporting the black hole or 
neutron star nature of the compact object in each of these systems does not allow their 
classification as microquasars or pulsar systems. 

LS I -|-61 303 shows periodic non-thermal radio outbursts on average every Porb=26.496 
days [38] . In [39] it was reported the discovery of an extended jet-like and apparently pre- 
cessing radio emitting structure with angular extensions of 10-50 milliarcseconds. VLBA 
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Parameters 


PSR B1259-63 


LS I 4-61 303 LS 5039 


Cygnus X-1 


Cygnus X-3 


System Type 


B2Ve+NS 


BOVe+NS? 


06.5V±BH?09.7Iab±BH WNc±BH? 


Distance (kpc) 


1.5 


2.0±0.2 


2.5±0.5 


2.2±0.2 


~7 


Orbital Period (d) 


1237 


26.5 


3.90603 


5.6 


0.2 


Afcompact (Mq) 


1.4 


1-4 


1.4-5 


20±5 




Eccentricity 


0.87 


0.72 


0.35±0.04 


~ 


~ 


Inclination 


36 


30 ±20 


20 


33 ±5 




Periastron (AU) 


0.7 


0.1 


0.1 


0.2 




Apastron (AU) 


10 


0.7 


0.2 


0.2 




Physical properties 


Radio Structure 


Jet-like 


Jet-like 


Jet-like 


Jet ± Ring 


Jet 


Size (AU) 


120 


10-700 


10-10^ 


40 


~ 10" 


Luminosity (erg s~^) 












iR(0. 1-100 GHz) 


(0.02-0.3) X 10^^'* 


' (1-17) X 10^^ 


1 X 10'^^ 


0.3 X 10^^ 


7 X 10^^ 


Lx(l-10 kcV) 


(0.3-6) X 10^^ 


(3-9) X 10^^ 


(5-10) X 10^^ 


1 X 10^^ 


(3.9 - 7.9) X lO^'^ 


^VHE 


2.3 X 10^^ (''^ 


8 X lO^^^''' 


7.8 X 10^^ f''' 


12 X 10^^ 




PvHE 


2.7 ±0.2 


2.6 ±0.2 


2.06 ±0.05 


3.2 ±0.6 




Periodicity 


Radio 


48 ms and 


26.496 d and persistent 


5.6 d 


persistent and 




3.4 yr 


4.6 yr 






strong outbursts 


Infrared 




27.0±0.3 d 


variable 


5.6 d 




Optical 




26.4±0.1 d 




5.6 d 




X-ray 


variable 


26.7±0.2 d 


variable 


5.6 d 


0.2 d 


> 100 MeV 


variable 


26.6±0.5 


3.903 


flare 


0.199655 d 




AGILE 


Fermi 


Fermi 


AGILE 


AGILEkFermi 


> 100 GeV 


variable 


26.8±0.2 d 


3.9078 d 


flare 






HESS 


MAGIC 


HESS 


MAGIC 






'■*■' Unpulsed radio 


emission 








(a) 


0.2 <E< 10 TeV 







' ' Time averaged luminosity. 

Table I. - The five X-ray binaries that are MeV and/or TeV emitters. The reported orbital 
parameters of LS 5039 and LS I +61 303 are from [16, 17J. Slightly different parameters of 
these sources are reported in [18, 19]. 
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Fig. 1. - Australian Long Baseline Array (LBA) images of PSR B1259-63 at 2.3 GHz. The 
synthesized beam is displayed in the rectangle on the bottom-right corner of each image. The 
size of the semi-major axis of the orbit of PSR B1259— 63/LS 2883 is of the order of 3 mas. 
Figure from Moldon et al. (2010). 



images obtained during a full orbital cycle show a rotating elongated morphology [40], 
which may be consistent with a model based on the interaction between the relativistic 
wind of a young non-accrcting pulsar and the wind of the stellar companion ([41]; see 
nevertheless [42] for a critic review of this scenario). 

The radio emission of LS 5039 is persistent, non-thermal and variable but no strong 
radio outbursts or periodic variability have been detected so far [43, 44]. VLB A obser- 
vations allowed the detection of an elongated radio structure, interpreted as relativistic 
jets [45]. The discovery of this bipolar radio structure, and the fact that LS 5039 was the 
only source in the field of the error box of the EGRET source 3EG J1824— 1514 showing 
X-ray and radio emission, led to propose their physical association [45]. High-resolution 
(VLBl) images of LS 5039 obtained five days apart have shown a changing morphology 
[46] . Precise phase- referenced VLBI observations covering a whole orbital cycle are nec- 
essary for the detection of morphological and astrometric changes, which can be useful 
to disentangle the nature of the compact source (see [46]). A theoretical discussion of 
the radio properties of LS 5039 can be found in [47] . 

Some properties of LS 5039 and LS 1 +61 303 and an individual description of them 
can be found in [1]. Also, a thorough discussion of the different theoretical models for 
these systems is presented in [48]. 

5. Summary 

Several binary systems have been detected at HE and/or VHE gamma rays. Two 
of them, Cygnus X-1 and Cygnus X-3, are accreting X-ray binaries showing relativistic 
radio jets. A very different system detected at TeV is PSR B1259— 63, in which the 
power comes from the pulsar wind and not from accretion. There arc two other systems. 
LS I +61 303 and LS 5039, which have been detected both at HE and VHE gamma-rays 
and where the nature of the compact object is not yet known. Although the powering 
mechanism of these systems is different (accretion, pulsar), all of them are radio and 
X-ray emitters and have a high-mass bright companion (O or B) star, which is a source 
of seed photons for IC scattering and target nuclei for hadronic interactions. 
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